The production of dihydrogen by Escherichia coli and other members of the Enterobacteriaceae is one of the classic features of mixed-acid fermentation. Synthesis of the multicomponent, membrane-associated FHL (formate hydrogenlyase) enzyme complex, which disproportionates formate into CO 2 and H 2 , has an absolute requirement for formate. Formate, therefore, represents a signature molecule in the fermenting E. coli cell and factors that determine formate metabolism control FHL synthesis and consequently dihydrogen evolution.
Introduction
One of the classic experiments in student practicals is the observation of hydrogen gas production by facultative anaerobic bacteria such as E. coli. This apparently simple reduction of protons to molecular hydrogen belies an incredible genetic, biochemical and physiological complexity [1] . The substrate for dihydrogen generation is formate and the enzyme system that converts formate to carbon dioxide and hydrogen is FHL (formate hydrogenlyase; Figure 1 ). This pathway was first described by Stephenson and Stickland in the 1930s and has intrigued microbial physiologists ever since [2] . Studies on this pathway have led to the discovery of a new amino acid, selenocysteine [3] , and have provided the foundation for our current understanding of the molecular basis of nickel-iron cofactor biosynthesis and insertion into hydrogenases [4, 5] . The re-emergence of dihydrogen as an important alternative fuel source, together with the inherently intellectually challenging problems associated with understanding the hydrogen-proton exchange reaction, will act as a driver to continue these studies.
Without formate E. coli cannot synthesize the FHL pathway, nor can an extant FHL pathway function without it [5] [6] [7] . An important aspect of understanding hydrogen production and mixed-acid fermentation in general will depend on our ability to comprehend the regulation of formate metabolism. This brief review aims to relate our current understanding of formate in the context of the physiology of fermentation and highlights a number of important questions that remain unanswered.
Generation of formate
Formate is derived primarily from pyruvate in a radical-based homolytic cleavage reaction catalysed by PFL (pyruvate formate-lyase) [8] . The activity of PFL is controlled by a complex post-translational interconversion cycle, which responds to the cellular redox status and consequently results in the activation of PFL only under microaerobic/anaerobic conditions [9] . PFL is the anaerobic counterpart to the PDH (pyruvate dehydrogenase) complex, which oxidatively decarboxylates pyruvate under respiratory conditions ( Figure 1 ). Current results indicate that only PFL cleaves pyruvate when cells grow fermentatively, while only PDH decarboxylates pyruvate in aerobically growing cells [9] . Interestingly, both enzymes are active under microaerobic conditions and when exogenous electron acceptors, such as nitrate, are present [10] .
In contrast with the PDH reaction where the reducing equivalents generated by the heterolytic cleavage of pyruvate are transferred to NAD + , in the PFL reaction the reducing equivalents remain with the product formate. This reaction therefore, is ideally suited to fermentation where maintenance of redox balance is at a premium due to the lack of exogenous electron acceptors [5, 8] . Formate, therefore, is both highly reducing (E m,7 −420 mV) and potentially a highenergy compound. During fermentation one third of the carbon derived from glucose is converted to formate and consequently if formate were left to accumulate in the cytoplasm this would result in severe acidification and uncouple the proton gradient. Control of formate metabolism therefore is a crucial checkpoint where the potentially deleterious effects of formate excess must be balanced against the loss of an important source of reducing power and optimization of energy generation [11] .
Multiple differentially regulated FDHs (formate dehydrogenases)
The E. coli genome encodes three FDH isoenzymes [2, 5] . All three are molybdo-seleno enzymes that probably share the same mechanism of formate cleavage. FDH-N is abundant when cells are grown anaerobically in the presence of nitrate, and is encoded by the fdnGHI operon [13] . The enzyme has an α 3 β 3 γ 3 structure, is energy-conserving and couples formate oxidation with nitrate reduction through the respiratory nitrate reductase ( Figure 1 ) [14] [15] [16] .
The structure of FDH-N has recently been solved and the active site of the enyzme is located on the periplasmic side of the cytoplasmic membrane [16] . FDH-O, encoded by the fdoGHI operon [12] , shares a similar subunit structure and exhibits a high degree of amino acid sequence similarity with FDH-N. Although limited biochemical characterization of FDH-O has taken place, it is also thought to have a periplasmically located active site. As the name suggests, synthesis of FDH-O is induced when cells are grown aerobically, but the enzyme is also induced under nitraterespiring conditions [17] .
FDH-H (H for hydrogen production) is encoded by the fdhF gene and is synthesized only during fermentative conditions, forming part of the multiprotein FHL complex [5, 6, 18] . Unlike FDH-N and FDH-O, the active site of FDH-H is located on the cytoplasmic side of the membrane and the complex is responsible for the disproportionation of formate to CO 2 and H 2 . The differential regulation under anoxic conditions of the three FDH isoenzymes indicates that formate is metabolized by different pathways depending on whether exogenous electron acceptors are present or not [5] .
Fermentation and dihydrogen production
The FHL enzyme complex comprises seven proteins and with the exception of the FDH-H component, the other six polypeptides are all encoded in a single hyc operon (Figure 2 ). The HycB, C, D, F and G polypeptides are membraneintegral electron transfer components while HycE is one of three NiFe hydrogenases in E. coli and is also referred to as Hyd-3 [19] . Unfortunately, we know nothing of the stoichiometry of the individual components in the FHL complex. This is mainly due to the complex from E. coli being very unstable and it has proved recalcitrant to isolation. Related enzyme complexes from certain thermophilic bacteria and archaea appear to be more stable and perhaps will be more tractable to structural characterization [20] .
Both the FDH-H and HycE components of the FHL complex are extraneous to the cytoplasmic membrane and can be purified in a soluble form. Indeed, the structure of FDH-H has been solved [21] . The facility with which HycE can be isolated has proved invaluable in advancing our knowledge of assembly and maturation of NiFe hydrogenases [5, 22] . 
The formate regulon
Formate is essential for the transcription of the fdhF and hyc operon genes, which encode the structural components of the FHL pathway. Other genes that are in the formate regulon include the hypA-E operon, fhlA, and the hydNhypF operon (Figure 2 ) [5] . The HypA-E and HypF proteins, together with the HycI protein, are required for assembly of the NiFe cofactor and maturation of the three hydrogenases [4, 5] . The hypA-E operon is divergently transcribed from the hyc operon and expression is induced anaerobically in an FNR-dependent manner [23, 24] . Expression is further enhanced when formate is present at high intracellular levels. This formate-dependent increase in hypA-E and hypF expression provides sufficient levels of gene products to accommodate maturation of the additional Hyd-3 enzyme; Hyd-1 and Hyd-2 synthesis is induced anaerobically and is only marginally influenced by formate [12, 25] .
Transcription of the FHL complex genes is critically dependent on the σ 54 factor [26] , an acidic pH in the growth medium and formate [7] ; molybdenum also has a subsidiary role in transcriptional control of the formate regulon genes [27, 28] . For example, mutants unable to synthesize PFL only evolve dihydrogen if formate is added exogenously. If, however, the pH of the growth medium is above 6.8, then formate added exogenously does not enter the cell and FHL pathway is not synthesized [7] .
The fhlA gene, which is located at the distal end of the hypA-E operon, encodes the trans-acting transcriptional regulator FHLA that is the master regulator of the regulon [29] . FHLA has similarity to two-component regulators, but lacks a cognate histidine kinase, and the N-terminal GAF (cGMP phosphodiesterase, adenylate cyclase, FhlA) domain of FHLA probably interacts with formate directly [5, 30] . Expression of the fhlA gene is controlled by its own constitutive promoter, as well as by transcriptional readthrough from the FNR-dependent promoter within hypA. Expression is further enhanced by the FHLA-dependent hypA promoter. This positive feedback loop is broken by the negative regulator HycA [5] and by the untranslated OxyS RNA, which prevents translation of fhlA mRNA under oxidative conditions [31] .
Formate compartmentalization
The intracellular levels of formate are clearly determined both by the rates of biosynthesis and by the metabolism of formate. However, since formate also induces FHL pathway synthesis when added exogenously then formate transport is also a key feature in controlling formate regulon expression. The pK a of formate is 3.75 and consequently at physiological pH little is present in the undissociated, membrane-permeable form. So far, one protein has been identified to have a role in formate transport into and out of the anaerobic cell. FocA (formate channel) is encoded by focA, which is co-ordinately regulated with pfl such that both gene products are present in the cell at the same time [32] . FocA has six transmembrane helices and represents a new class of organic acid transport protein. FocA shares primary structural similarity with the FdhC protein from the archaeon Methanobacterium formicicum [33] and E. coli NirC [34] . FdhC is co-expressed with a FDH that is required for growth of M. formicicum on formate and NirC is proposed to be involved in nitrite import/export.
Knockout mutants in the focA gene result in intracellular accumulation of formate [32] . Analysis of formate levels in the culture supernatants of fermenting E. coli cells reveals that formate is initially exported out of the cells to prevent acidification of the cytoplasm and accumulates to levels as high as 10 mM. Once the pH of the growth medium drops below approx. 6.8, formate is rapidly and completely imported back into the cells where it is metabolized by the FHL pathway. Mutants that lack FocA export approx. 50% the level of the formate exported by the wild-type; however, the formate is still re-imported in a pH-dependent manner [32] . These experiments indicate that FocA is involved in formate transport and that at least one further pH-regulated formate transport system exists in the anaerobic E. coli cell. Precisely how FocA senses pH and alters the direction of substrate transport is an intriguing problem still to be resolved.
Although we know nothing of the energetics of formate export and import, it is clear that during fermentation the cells are energy-limited [8] . Therefore, it is likely that the transport process will be energy neutral and formate:proton symport is a distinct possibility. As well as preventing acidification of the cytoplasm, export of the formate generated by the PFL reaction presents substrate to the periplasmically located FDH-O and FDH-N enzymes (Figure 3 ). If nitrate, or indeed oxygen, is present then the formate can be preferentially utilized to generate a proton gradient. In the absence of exogenous electron acceptor, the formate is re-imported and reaches a critical threshold level, which activates FHLA and induces synthesis of the FHL pathway. Energetically, this can be thought of as a 'last resort' and the excess reducing power is 'blown off' as dihydrogen. The K M of FDH-N and FHLA for formate is 0.12 mM [14] and 5 mM [35] respectively, and these values correlate well with the physiological formate concentrations determined to be required to activate FHL pathway synthesis. Moreover, the high K M of FDH-H (26 mM) [36] for formate indicates that the removal of dihydrogen gas is the driving force for redox-neutral FHL reaction (formate:H 2 couple E m,7 = −420 mV).
Compartmentalization of formate to the periplasmic side of the cytoplasmic membrane also explains the 'repressive' effects of exogenous electron acceptors such as nitrate on induction of FHL synthesis. Metabolic drainage of formate through respiratory processes maintains formate levels below the threshold required to activate FHLA and provides a simple rationale for nitrate-dependent repression of the formate regulon genes [11] . Indeed, lowering of the pH and addition of exogenous formate to nitrate-grown cells facilitates formate import and thus overcomes the negative effects of the electron acceptor. This would not be anticipated to occur in a direct repression mechanism [7] .
Conclusions and perspectives
Formate is both an important substrate and a key regulatory molecule during fermentation in Enterobacteria. A comparatively simple model for the control of gene expression by formate can be proposed and this is based on controlled synthesis of the anion, multiple routes of metabolism separated by an impermeable membrane barrier and pH-dependent control of the import and export process (see Figure 3 ). This regulatory mechanism is based on simple physiological principles, yet maintains the hierarchical control of energy generation that allows the cell rapidly to exploit alternative exogenous electron acceptors when they become available. Probably, it is the control of formate transport that provides the basis of the pH-dependence of the fermentation process and a key problem to be addressed is the molecular mechanism underlying pHdependent control of formate transport by FocA. One possibility is that specific amino acids within the channel undergo protonation/deprotonation resulting in a conformational change in the protein. Alternatively, a pH-responsive regulatory protein might interact with FocA directly and function as a 'gatekeeper'. Structural studies combined with biochemical analysis of FocA in artificial lipid bilayers will provide insight into the reaction mechanism.
FocA has a significant degree of similarity with proteins encoded in the genomes of diverse genera such as Methanobacterium, Bacillus, Mycoplasma and Euglena, but also has similarity over distinct regions of the protein to hypothetical membrane proteins in fungi, yeast and humans.
FocA, therefore, may be a representative of a larger family of ancient anion tranporters that span the archaea, bacteria and eucarya.
Finally, further up the metabolic cascade, the factors controlling post-translational modification of PFL will require careful scrutiny. In particular, identification of the anaerobic signal to which the PFL-activating system responds must be a priority as this ultimately determines when, and to what level, formate will be synthesized.
This work was supported by the BBSRC. I thank A. Böck for many stimulating scientific discussions over the years.
